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Theoretical and experimental studies of micromagnets for a silicon
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The paper describes the experimental and numerical investigations of micromagnets designed for inhomogeneous
field generation in silicon qubits based on Si/SiGe heterostructures with quantum dots formed by electric gates.
Measurements were performed by the optical magnetometry and magnetic force microscopy methods. It is shown
that the given micromagnet geometry ensures magnetic field gradients required to induce the electric dipole spin
resonance in one or more quantum dots and is suitable to control qubit states based on quantum dots.
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Introduction

Currently, quantum computers and quantum computa-
tions are being extended from the fundamental research
domain into the area of practical applications [1]. Creation of
quantum computers to be used in the existing data process-
ing centers for solution of specific tasks was reported [2].
Including computers with more than 1000 qubits [3]. All
this results in fast growth of the quantum calculation
market [4]. The reported progress in the utilization of
quantum computers is associated with superconducting
qubits and qubits based on ions or neutral atoms. These
types of computers will probably take the lead in the
quantum computation area in the near-term and mid-term
period. However, all reported material platforms have one
serious disadvantage coming from a problem of scalability
of a general-purpose quantum computer that requires up to
1 000 000 qubits. At this point, semiconductor qubits are
supposed to have no this disadvantage [5].

Although semiconductor qubit computers are yetfar be-
low superconductor and ,,atomic* computers in the number
of the used qubits, they have shown a very fast advance
in development that is mainly attributed to the evolvement
of qubit formation techniques using silicon and silicon
heterostructures with germanium [6]. The most significant
achievements in the semiconductor qubit area over recent
years include:

— achievement of two-qubit operation accuracy sufficient
for employment of an error-correcting surface code [7-9];

— demonstration of 16-qubit system with address inter-
action between neighboring qubits [10];
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— transit from qubit production in research laboratories
to commercial production [11,12];

— fabrication of the first commercial semiconductor
quantum processor [13].

Note that these findings have been demonstrated on four
various types of qubits using nuclear spin of phosphorus
isotope 31P in silicon [9], qubits based on electron spin
manipulation in Si MOS structures [11,13] and Si/SiGe [7,8]
structures, and qubits based on hole spin manipulation
in Ge/SiGe [10] structures. Each of these types of
qubits is characterized by its own set of advantages and
disadvantages [6,12]. In this line, qubits based on Si/SiGe
heterostructures are characterized by a low noise level
to ensure the achievement of high accuracy of two-qubit
operations for them [7,8]. Low noise level in this type of
qubits is ensured by:

— low content of isotopes with non-zero nuclear spin due
to the use of sources based on isotopically-enriched 28Si for
structure formation;

— high quality of formed structures that may be charac-
terized by mobility of electrons in the Si quantum well;

— epitaxial SiGe layer separating the electron localization
region from amorphous dielectric layers that are the main
source of charge noise;

— weak spin-orbit interaction of electrons in the SiGe
structures.

The latter requires either electron paramagnetic resonance
(EPR) or electric dipole spin resonance (EDSR) for electron
spin control [14]. EPR was used primarily at early stages
of qubit generation efforts. EPR’s disadvantage is in the
fact that it needs variable magnetic field that is formed for
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Figure 1. Example of micromagnet design showing magnetic field components in various directions. Blue and red circles with arrows
show schematically two QD generation location. Bexr — constant magnetic field from external magnet. Blue and green arrows show z

and y components of field B.

by AC flow through the strip line, which is associated with
additional heat release. Moreover, it is difficult to implement
targeted control using EPR in systems with many qubits.
Therefore, recent studies more often use EDSR for electron
spin manipulation in the Si/SiGe qubits. The essence of
the approach is in spin transition between the Zeeman
energy levels that occurs when the quantum dot (QD) is
shifted by electric voltage applied to one of the control
electrodes in spatially inhomogeneous magnetic field. Thus,
for EDSR implementation, a magnetic field gradient and
AC voltage supply to control gates are needed [15]. Micro-
and nanomagnets placed in various layers of the formed
structure are used in the desired direction to create a
magnetic field gradient [14,15]. Design and parameters
of micro- and nanomagnets define to a great extent quick
response of the systems and have considerable influence on
the electron spin coherency time [14].

Example of a micromagnet placed above all control
electrode layers and separated from them by a thin dielectric
layer is shown in Figure 1. It consists of two strips
connected by a bar that serves to create an inhomogeneous
field in the micromagnet gap. Micromagnet is usually placed
above the upper layer of electrodes and is separated from
them by a thin dielectric layer ~ 100nm. Review of the
literature [14,15] shows that the use of micromagnets is
currently most advantageous for creation of inhomogeneous
Zeeman spin-splitting of electrons in neighboring quantum
dots for EDSR implementation.

The Zeeman splitting of electron states with various spin
orientation is defined by the sum of magnetic field com-
ponents in direction y from the external constant magnet
Bext and micromagnet By. inhomogeneous magnetic field
component in direction z (B;) shown by green arrows
in Figure 1 is induced by the micromagnet and depends
on its parameters and design. When the variable electric
field in introduced, the wave function peak of an electron
localized in QD shifts in direction y. And due to the
presence of field gradient dBZ/dy, the electron is exposed
to the variable magnetic field perpendicular to direction y
that results in resonance transitions between the electron

states with various spin directions. Micromagnet design
shown in Figure 1 enables independent control of spin
states in various QD. Such possibility arises from noniniform
distribution of the magnetic field strength By (blue arrows)
in the micromagnet along direction X.

However, note that QD shift in plane (X, y) by electric
potential fluctuations induced, for example, by deep center
recharging at the semiconductor —dielectric interface will
also result in variation of the magnetic field component By
and, therefore, to Zeeman splitting variation and spin state
dephasing.  Therefore, magnetic field gradients of the
micromagnets make the spin states sensitive to electric
noises and limit their coherency time: This negative effect
may be minimized by selecting the best micromagnet
design.

The study involves experimental investigations of micro-
magnets with high spatial resolution and calculations of
distribution of their magnetic field aimed at optimization
of the micromagnet design in order to increase the qubit
response rate and the phase coherency time.

1. Samples and methods of investigation

The test micromagnets were fabricated by the Insti-
tute of Semiconductor Physics, Siberian Branch, Russian
Academy of Sciences, by the ,lift-off lithography using
Raith lithography tool from 200nm cobalt film formed
by the magnetron sputtering method. A 400 nm electron-
beam resist (PMMA) was used for magnet fabrication.
Micromagnets are composed of two strips interconnected
by a IT-shaped bridge (Figure 2).

The specimens were made on two types of wafers.
A silicon wafer was used to form structures for magnetic
field gradient measurement around micromagnets by a
magnetic atomic-force microscope (Figure 2, a).

To measure the magneto-optic Kerr effect, a micromagnet
array was made on an optically transparent material —
SiO2 with ALO; sunlayer (Figure 2,b). To prevent
the accumulation of surface charge resulting in pattern
distortion, an additional 12—15nm aluminum layer was
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Figure 2. ¢ — SEM image of Si-wafer micromagnet array for MFM measurements, b — optical microscope image of the SiO2-wafer

micromagnet array examined by the optical magnetometry methods.

deposited n the electron-beam resist surface. The aluminum
layer makes it possible to remove the charge from the
surface and achieve a good resist pattern on the SiO2
surface. Before the development of the electron-beam
resist, aluminum was removed using nitrogen acid. Then
200nm Co with 10nm Ti sublayer was deposited and lift-
off lithography was performed.

Experimental examinations of the micromagnets were
performed using two methods. The magnetization loop
was measured by the optical magnetometry method with
measurement of the magneto-optic Kerr effect in meridional
geometry with crossed polarizer configuration. Stabilized
(power stabilization 0.1% per min) He—Ne laser at a
wavelength of 632 nm was used as the radiation source. To
increase the signal, arrays of the same micromagnets, rather
than single micromagnets, were examined (Figure 2, ).

Magnetic field distribution from a single micromagnet
was examined by the magnetic force microscopy (MFM)
method using Solver HV microscope. This microscope
was equipped with a magnet used to produce a constant
magnetic field up to 0.5T in the specimen plane. The
measurements were performed both with and without the
magnetic field.

To study the magnetic properties of micromagnets, a two-
pass MFM scanning technique was used [16]. The height
of the second probe pass was 800 nm, which is sufficient
to obtain an MFM image with adequate resolution avoiding
the negative effect of the specimen topography. The MFM
measurements were performed in 10~ Torr vacuum, and,
thus, the microscope sensitivity was increased considerably
due to the increase in the cantilever Q factor up to Q = 800.

For experimental findings analysis, numerical simulation
was used. The micromagnetic simulation used numerical
solution of the Landau—Lifshitz—Hilbert equation in Mu-
Max3 package [17]. The calculations used the following
constitutive parameters of cobalt: saturation magnetization
1.4 - 10° A/m, exchange interaction constant 30 - 10~!2 J/m.
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For faster magnetization relaxation to equilibrium state and
count time reduction, the decay parameter equal to0.5
was chosen. Rectangular 128 x 1024 x 32 mesh grid was
used for simulation. The MFM microscope probe for
calculations of the MFM images was assumed as a point
dipole magnetized perpendicular to the specimen plane.

2. Findings and discussion

The magnetization loop experimentally measured by the
optical magnetometry method is shown in Figure 3,a. The
magnetic field was applied along the micromagnets. Since
the degree of surface filling with the magnetic material in
the micromagnet grid is very low (~ 5%), the magnetization
loop was averaged with respect to 100 passes to increase the
signal-to-noise ratio. The measured hysteresis loop width is
6.4mT. The measured hysteresis loop was compared with
the hysteresis loop calculated by means of the micromagnet
simulation. The hysteresis loop width obtained by means
of simulation was equal to 10mT (Figure 3,5, red curve),
which is much higher than the experimentally measured
width. The saturation field is within 10—15mT. Such
discrepancy, according to out opinion, may be explained
by two factors.

The first possible reason is that the test specimens have
different geometrical defects and inhomogeneous internal
structure because they are a polycrystal. This simplifies
the remagnetization process associated with magnetic vortex
(domain wall) inlet and outlet in the micromagnet.

The second possible factor — is the overestimated
saturation magnetization used for the simulation and equal
to 1.4 -10° A/m, which corresponds to the bulk material.
To match the experimental curve with the simulation results
during calculations, the magnetization shall be reduced to
0.9 -10° A/m. For this magnetization value, we had also
plotted the remagnetization curve (Figure 3, b, green curve).
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Figure 3. a — experimental magnetization curve of the micromagnet array measured by the polarization rotation angle; » —

remagnetization curve of the micromagnet calculated by the micromagnet simulation method.

The hysteresis loop width for it is 6.5 mT, which is close to
the experimental data.

The two abovementioned factors suggest that the ac-
tual saturation magnetization of micromagnets is within
0.9—1.4-10% A/m. To find its precise value, measure the
magnetization of initial Co films by direct magnetometrical
methods using a vibration or SQUID magnetometer.

Tow segments may be clearly outlined both on the exper-
imental and simulated curve. The first segment is sudden
change in magnetization attributed to remagnetization of
the ,,body* two micromagnet strips and the second plateau
of the loop caused by further gradual remagnetization of
the bridge and transformation of inhomogeneous magnetic
states near the micromagnet strip ends into the homoge-
neous state.

To study the scattering fields occurring in the micro-
magnet gap, magnetic-force measurements were performed.
Micromagnet strip widths was 800 nm, and the gap width
was 350nm.  Preliminary measurements have shown
that the given micromagnets are in the inhomogeneous
magnetic state without the magnetic field.  Therefore
further experimental MFM investigations whose findings
will be discussed below were conducted in the magnetizing
external field of 0.1 T oriented along the micromagnet strips.
This value exceeds the magnetizing field measured by the
magnetooptical method. It is a priori lower than the work
field of a qubit which is equal to 0.6 T and where the
specimen a priori will be in the homogeneously saturated
state. The findings are shown in Figure 4: SEM image
and MFM contrast of the corresponding segment of the test
structure near the gap.

The MFM image clearly shows two poles corresponding
to the gap edges and two weaker poles corresponding to
the edges of the bridge connecting the micromagnet strips
(Figure 4, b).

For detailed investigation of the magnetic field gradient
distribution along the gap, a series of longitudinal cross-
sections of the obtained MFM image was plotted. MFM
contrast distributions on the gap edges and in the center

were investigated. Lines in Figure 4,5 show the MFM
contrast cross-section positions. The cross-section curves
are shown in Figure 4,d. Colors of the lines and curves in
Figure 4, b and d correspond to each other.

The obtained curves show that the MFM contrast varies
along the gap. The minimum value is near the open edge
and grows when approaching the bridge (Figure 4,d). The
value from the minimum to the maximum MFM signal at
different gap edges (red and purple curves in Figure 4,d)
is about 30%. Such magnetic field gradient is suitable for
EDSR implementation in one or more QD.

Colored lines in Figure 4, b correspond to cross-sections
along which MFM signal distribution is shown in Figure 4, d.
Experimentally measured MFM contrast cross-sections near
the free edge (red dashed and dotted curve), in the center
(green dashed curve) and at the edge with the bridge
(purple solid curve).

Simulation was performed to interpret the experimental
findings and understand the possible way for optimization
of the micromagnet design. The micromagnet methods
were used to investigate the magnetization distributions in
micromagnets in zero and external magnetic fields. Figure 5
shows numerically calculated magnetization distributions
and the corresponding MFM images for the system segment
in the gap area. The simulation results for the zero
external field are shown in Figure 5,q, b. Figure 5,a shows
that inhomogeneous magnetization distributions occur near
the micromagnet gap without the external field. This
is explained by the fact that such magnetic distributions
minimize the magnetostatic energy of the system. Such
inhomogeneities result in MFM image smearing and ap-
pearance of additional weak poles (Figure 5, b).

Figure 5, ¢, d shows magnetization distributions and sim-
ulated MFM image in the external field of 120 m oriented
along the micromagnet. It can be seen that the system is
magnitized homogeneously in the magnetic field. And since
this corresponds to the micromagnet utilization in the qubit,
all micromagnetic simulation results shown hereinafter were
obtained in the saturating external magnetic field of 120 mT.
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Figure 4. a — SEM image of the micromagnet gap, related experimentally measured (b) and numerically calculated (¢) MFM images.

To compare with the theoretical calculations, Figure 4, b
shows the micromagnet simulation data for the MFM
contrast from the micromagnet with the same geome-
try as in the experiment. Comparison of experimen-
tally measured and numerically calculated MFM contrast
cross-sections in the micromagnet gap has shown good
agreement between the experimental and simulation data
(Figure 4, b,¢). This suggests that the numerical model is
adequate and can be used to calculate magnetic fields in
the micromagnet gap for optimization of its parameters and
design.

Then this numerical model was also used to calculate
the distributions of the magnetic field projections in the
system in various directions at a height of 150 nm rom the
magnet, which approximately corresponds to the distance
from the micromagnet to the place of electron localization
(QD formation). The calculations show that the y-
component of the magnetic field achieves the highest value
above the gap. The z-component of the field may be
much higher, but this field component is localized at the
gap edges and bridge ends, the X-component of the field is
also localized primarily at the bridge ends in the areas with
rotated magnetization.

These results show that the simulation is adequate for
description of the micromagnet properties. Therefore we
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used this model for further optimization of the micromagnet
design. Micromagnet optimization was previously discussed
in [17-21].

When optimizing the magnet geometry, a compromise
between the high response rate of the qubit and minimum
electric noise sensitivity of the formed qubits is sought.
The response rate grows with the Rabi frequency that in

2 2
turn is proportional to Deoup(X,Yy) = \/(dd_%,x) + (ddByz) .
Thus, the response rate is proportional to the magnetic field
gradient along the y axis. It is assumed that bcoup has its
acceptable values in range from several tenths of mT/nm
to 1mT/nm [21]. The spin dephasing time is inversely
proportional to other magnetic field gradients.

).

this allows the relation of dephasing time to the qubit
switching time proportional to Dcoup/Bdepn to be optimized.

Also, one of the required qubit operation conditions is the
magnetic field difference ABy > 5mT in two neighboring
qubits placed in the same micromagnet gap and spaced
100nm apart. Thus, the resonance frequencies can be
separated for two qubits placed within the gap of one mi-

a8,
dx

dy
dy

k]

bdeph = max (
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Figure 5. a — magnetization distribution in plane (X, y) without an external field; » —corresponding MFM image; ¢ — magnetization
distribution in plane (X, y) in the external field 120 mT, d — corresponding MFM image.
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Figure 6. Distribution of beoup (a) and ABy (b) calculated in the micromagnet gap.

cromagnet (Figure 1). Moreover, magnetic field distribution
in the system shall be stable to lithography errors.

Taking into account these requirements, parameters of a
micromagnet with a Co layer thickness of 200 nm and a gap
of 550 x 740 nm were calculated. The micromagnet param-
eters were selected in accordance with the abovementioned
experimental findings achieved for the test micromagnets
and the micromagnet property simulation. When choosing
the micromagnet parameters, findings of [21] were consid-
ered. Micromagnet simulation in this study also used the
Landau—Lifshitz—Hilbert equation for the field calculations
and showed that micromagnets with low gap width (about
300nm) have large field gradients (high bcoup), but also
large spurious gradients resulting in qubit decoherence.
Moreover, the magnets with small gap are more sensitive
to alignment errors. However, magnets with a gap of
600 nm may have spurious gradients and noise lower by 3
orders of magnitude and they are less sensitive to alignment
errors [21].

We calculated two-dimensional distributions of beoyp (Fig-
ure 6,a) and gradients ABy (Figure 6,b) above the micro-
magnet gap. According to the calculations, the micromagnet
with the chosen parameters provides much higher gradients
in the gap center for the magnetic field perpendicular to the
y axis, bcoup is 0.55 mT/nm (Figure 6,a). This value shall
ensure quite high (5—10MHz) Rabi frequencies for qubits
and low sensitivity to noise induced by the micromagnet.
According to the calculations, magnetic field variation along
the y axis at a distance of 100nm for the chosen magnet
design is ABy = 5—10mT (Figure 6,b). This value will
be sufficient for the targeted control of two qubits spaced
100 nm apart within the micromagnet gap (difference in the
EDSR frequencies for qubits with such spacing will be more
than 100 MHz). The proposed micromagnet design is also
stable to the manufacturing errors (with alignment accuracy
of 50nm with respect to the QD location) and may be
combined with the developed technique of qubit formation
in Si/SiGe-epitaxial heterostructures.
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Conclusion

Experimental and theoretical studies of the cobalt film
micromagnet properties have been performed to find the
best micromagnet parameters and design to be used for for-
mation of qubits on Si/SiGe-epitaxial heterostructures. The
optical magnetometry methods have been used to plot the
magnetization curve of the micromagnet array. A difference
has been found between the magnetization curves obtained
experimentally and by numerical simulation using the bulk
cobalt parameters. The differences may be attributed to
defects in the geometrical shape of micromagnets or the
difference between the Co film properties and bulk material
properties.

The MFM methods were used to measure the spatial
distribution of the magnetic field in the gap of the tested
micromagnets in the form of relation of the second deriva-
tive of the field. The experimental distribution is in good
agreement with the simulation results.

Using the calculations of the magnetic field distribution
for micromagnets, the Landau—Lifshitz—Hilbert model
defined the micromagnet parameters that may provide
high (at 5—10MHz) Rabi frequencies and high phase
coherency times for qubits formed on Si/SiGe EH due to
low micromagnet-induced noise.
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